We report a novel experimental technique provided to study the full three-dimensional velocity distribution of state-selected products of a chemical process. Time-of-flight mass spectroscopy and resonance enhanced multiphoton ionization combined with a novel position sensitive detector ͑delay-line anode͒ are employed. The technique has a space resolution of 0.4 mm, a time resolution better than 1 ns, and it provides the possibility to detect several products with a minimal difference between arrival times of 17 ns. One major achievement of the new technique is the possibility to determine the full three-dimensional momentum vectors of a chemical reaction product. This is especially valuable for cases where no symmetry is considered in the process. Second, the high sensitivity of the method allowing to observe single ions enables us to study physical and chemical processes at extremely low densities. Three methods for measuring the temperature of a molecular beam with the technique are demonstrated. A novel result of the present work is the study of angular distribution of NO ions due to electron recoil in the ionization of NO(A 2 ⌺ ϩ ). 
I. INTRODUCTION
In the last decade there has been considerable interest in the development and application of the photoion imaging technique. Photofragment translational spectroscopy, the resonance enhanced multiphoton ionization ͑REMPI͒ time of flight ͑TOF͒ technique, the high Rydberg time-of-flight method, and coincidence measurements are the experimental setups that are commonly employed. [1] [2] [3] [4] [5] With the introduction of the photofragment imaging technique a new method was established that allowed one to obtain two-dimensional projections of three-dimensional product distributions with a single measurement. 1 If cylindrical symmetry is conserved the full three-dimensional information may be obtained by a single measurement. At the same time the method allows one to beautifully illustrate the dynamics of a chemical process. Another major step ahead was the development of the velocity map imaging technique that significantly improved the energy resolution of the imaging technique. 4 Our work was undertaken to develop a novel threedimensional ͑3D͒ photofragment imaging technique for the simultaneous measurement of the velocity ͑speed and angle͒ distributions of the products of photodissociation processes. The basic experimental scheme for the imaging technique includes a cold supersonic molecular beam, the stateselective REMPI detection of the photofragments, and a TOF mass spectrometer combined with a position-sensitive detector ͑PSD͒ for ions.
In this context the term ''3D imaging'' refers to the simultaneous measurement of all three coordinates of a particle which are defined by the spatial position in the twodimensional plane defined by the surface of the PSD and by the time of arrival at the detector ͑the third dimension͒ of the ionized product of a photodissociation process. The transverse velocity components (v x ,v y ) of the initial velocity of the product are determined from the measured twodimensional impact position on the PSD surface, while the measured time of arrival gives the longitudinal component (v z ) of the velocity. Hereafter the laboratory axis X, Y, and Z are directed along the laser beam, the molecular beam, and the accelerating electric field, respectively. Direct determining the 3D velocity distribution of the product provides complete information about the photodissociation process.
What are the principal advantages of the 3D imaging technique over the two-dimensional ͑2D͒ ''velocity map imaging'' method? To analyze 2D ''velocity map'' images the Abel inversion algorithm or the forward convolution analysis are usually used. 3, 6 The Abel algorithm is rather simple, but it has several limitations: first, it assumes cylindrical symmetry of the initial 3D distribution, second, the electric field vector E of the dissociative radiation must be perpendicular to the Z axis (EЌZ), and third, a rather large number of data points is necessary to reconstruct the 3D distribution of the ions. The forward convolution analysis is more powerful, but it is computationally expensive and, in general, does not lead to unique solutions.
In contrast to the 2D method, the 3D imaging approach is quite straightforward. Integration techniques, such as the Abel inversion algorithm or the forward convolution analysis, are not required. Moreover, the 3D imaging approach is more universal: it can be used with any polarization geometry, including the common cases (E ʈ Z) and (EЌZ), and it does not assume any symmetry of the initial 3D distribution. There are several reasons that may break the cylindrical symmetry of the initial fragment distributions. First, it is the alignment of the parent molecules in the cold molecular beam: collisions occurring during the supersonic expansion can produce the molecules in their lowest rovibrational states with alignment of the rotational angular momentum perpendicular to the axis of the molecular beam. 7, 8 The alignment degree can be rather large, strongly varies with the molecular speed, and it is expected to depend on the used experimental conditions. 8 The phenomenon was observed for O 2 ͑Refs. 9 and 10͒ and N 2 ͑Ref. 11͒ seeded in lighter carriers, for CO ͑Ref. 12͒ seeded in He, and for N 2 ϩ drifted in He. 13 Recent evidences have also been provided for benzene.
14 This effect changes the relative intensities of ions traveling along the X and the Y axis. Second, it is the alignment of the products that may happen due to a correlation between the J and v vectors, 3, [15] [16] [17] where J is the rotational angular momentum and v is the recoil velocity of the products. The 3D imaging approach does not remove this effect, but it provides much more possibilities to study it. Third, the length of the spot of the REMPI laser ͑usually about 0.5 mm͒ is small, but not negligible in comparison with the size of the ion distribution over the PSD surface ͑in the range of a few centimeters͒. It makes the speed distribution along the Y axis wider than that along the X axis.
The 3D imaging technique is the most appropriate method for studying the photofragment angular momentum alignment as a function of recoil angle ͑v -J correlation͒ in photodissociation processes, since the angular distributions of the photofragments are measured directly. Otherwise the 3D distributions must be reconstructed from the 2D images, as it was done, for example, in the studies of photodissociation of Cl 2 . 16, 17 Another principal advantage of the 3D imaging technique is the possibility to perform coincidence measurements: that is, to simultaneously detect two fragments generated in the same elementary process from the same parent molecule. 18 -21 Coincidence measurements are especially important for the study of the dynamics of photoinduced three body dissociations (ABCϩhv→AϩBϩC) since they simultaneously provide 3D velocities of two fragments while the 3D velocity of the third fragment can be calculated from the conservation law for linear momentum. 
II. EXPERIMENT
The experimental apparatus used here is similar to that described elsewhere [23] [24] [25] except that a continuous molecular beam and a new PSD are used. The experimental apparatus is depicted schematically in Fig. 1 . It consists of a TOF mass spectrometer ͑MS͒, a molecular beam, a PSD, and an optic system based on a Nd:YAG laser-pumped dye laser.
A. Laser and optics systems
The optic system generally comprises two pulsed lasers. The first one is a photolysis laser for the photodissociation of the parent molecule, the second one is a probe ͑ionizing͒ laser for the state-selective detection of the neutral photofragment by the REMPI technique. If the wavelength of the second laser is suitable for photolysis, then a single-laser configuration is possible.
State 27 For this purpose, a Nd:YAG laser-pumped dye laser ͑Coherent Infinity/Lambda Physik Scanmate͒ operated with Coumarin-47 dye and frequency doubling in a BBO crystal was used. The radiation with doubled frequency was separated by a Pellin-Broca prism. For detection of NO only the probe laser was used. In experiments with photolysis of Cl 2 the third harmonic of the Nd:YAG laser ͑355 nm͒ was used to dissociate Cl 2 molecules. In this case, the Pellin-Broca prism was used to combine the two laser beams to a single one with two wavelengths ͑355 and 235.336 nm͒. The laser radiation was focused by a lens ( f ϭ18 cm) into the ionization chamber of the TOFMS. A photodiode was used after the ionization chamber to monitor the power of each laser shot.
Note that the adjustment of the optic system and the ion detection system may be rather laborious; hence we recommend using a molecular beam with a NO gas mixture for these preliminary works because the NO molecules in differ- ent rotational states may easily be detected by a single-laser setup with a high sensitivity using a (1ϩ1) REMPI scheme.
B. Time-of-flight mass spectrometer "TOFMS…
The vacuum system of our home-built single-field TOFMS consists of jet and ionization chambers separated by a skimmer ͑diameter of 0.4 mm͒ evacuated to a base pressure of 10 Ϫ7 mbar by two turbomolecular pumps. A cold continuous molecular beam is obtained by a supersonic expansion of a gas mixture at a pressure of 1.5-6 bar through the 20 m nozzle. The distances nozzle-skimmer and skimmer-laser beam are 1.5 and 30 cm, respectively. Hence the diameter of the molecular beam in the center of the ionization chamber is 8 mm.
Cl ϩ or NO ϩ ions are generated by REMPI in the acceleration region of the ionization chamber of the TOFMS. The TOFMS includes an acceleration region of 5 cm length and a drift region of 10 cm length. Ions are detected by a double stage multichannel plate ͑MCP͒ assembly ͑Roentdek, diameter of 8 cm͒. The MCP signals were monitored by a digital oscilloscope ͑LeCroy 9450͒.
In the ionization chamber the skimmed molecular beam is intersected by the probe and the photolysis laser beams whose propagation direction ͑X axis͒ is perpendicular to the molecular beam propagation axis ͑Y axis͒. The ionization chamber is shown in Fig. 2 . Products generated in the photodissociation are state-selectively ionized by the probe laser and are accelerated along the Z axis towards the field-free drift region of the TOFMS. Typically, electric field strengths of 3000 V/m are realized by applying an acceleration voltage of U a Ϸ300 V to the acceleration stage.
C. Delay line detector
In this section we describe the special case of a PSD, which is called a delay-line detector ͑DLD͒. The DLD consists of a delay-line anode introduced into the ionization chamber right behind the MCP assembly. An additional potential ͑Ϸ300 V͒ applied between the MCP and the DLD accelerates the electrons to the delay-line anodes. Note that the MCP signal itself, produced by incoming ions and picked up from the charging circuit of the MCP assembly, is only used for adjustment purposes and for the measurement of the mean time-of-flight averaged over all observed single ion events, whereas all quantitative information on the threedimensional velocity components of each individual ion is obtained from the DLD signal.
The idea of a DLD consists of what follows: a signal induced somewhere on a delay line ͑basically nothing more than a long wire͒ propagates in both directions towards the ends of the line where impedance adjusted circuits pick it up for further processing. By measuring the time period between the signal arrival times on both ends of the delay line one can determine a position of the signal source on the delay line.
The technical realization of the DLD itself is described in detail in the literature. 28 -30 Briefly, it consists of two individual delay lines oriented orthogonal to each other, thus forming the XY plane. A metal body supports ceramic rods placed on the edges, and the delay lines are wound helically on this 8ϫ8 cm supporting plate. By this folding technique, a propagation delay of 20 ns/cm and a total single-pass delay of 150 ns is realized, corresponding to a physical length of the delay line of 45 m. Each delay line consists of a pair of wires wound parallel to each other, with a small potential difference ͑30 V͒ applied between the two wires of each pair. Thus the incoming charge cloud from the MCP induces a differential signal on each delay line pair that propagates to the delay line ends where it is picked up by a differential amplifier.
D. DLD data analysis
A block diagram of the electronic read-out circuit for the DLD is shown in Fig. 3 . The output charge from the MCP resulting from every single incoming ion or photon ͑''event''͒ produces altogether four differential signals, two on each delay line pair; the pairs are denoted X a , X b , Y a , and Y b . These signals are decoupled from the dc voltages on the wires, amplified, and transmitted to constant fraction discriminators, then to demultiplexers, and then to time-todigital converters. The time-to-digital converters are gated to capture only the mass of interest.
Finally, one event produces two pairs of times, (X 1 ,X 2 ) and (Y 1 ,Y 2 ), on the delay lines that are wound along the X axis and the Y axis, respectively. The X and Y coordinates of a single event in time units may be calculated as (X 1 ϪX 2 ,Y 1 ϪY 2 ); and the time of the event ͑corresponding to the Z coordinate͒ usually is calculated as (X 1 ϩX 2 ϩY 1 ϩY 2 )/4. Thus the DLD yields the 3D coordinates of each single event. The latter condition allows one to distinguish between true and false events: the event time provided by the different delay lines must coincide, hence X 1 ϩX 2 ϭY 1 ϩY 2 . Only those events that obey this condition are taken into account, and all others are ignored. If more than one ion per laser pulse strikes the MCP assembly, then each delay line produces a series of pulses and the criterion X 1 ϩX 2 ϭY 1 ϩY 2 allows one to correctly assign individual pulses to individual ions.
The present DLD electronics are able to detect no more than two ions, since two-event demultiplexers are used. But on one of the lines (X a ) there is a three-event demultiplexer. It is used to check if the number of pulses ͑ions͒ is larger than two. This information is important for coincidence measurements in which the simultaneous detection of two photofragments from the same parent molecule is necessary.
Since our DLD is not able to detect more than two ions in one shot, we usually decrease the energy of the probe laser in order to detect only one ion in several shots; this helps to avoid space-charge problems and guarantees obtaining the correct distribution over time-of-flight. The repetition rate for the probe laser shots is limited by the Nd:YAG laser ͑р100 Hz͒.
E. Time and space resolution of spectrometer
The space resolution of the REMPI/TOF/DLD spectrometer was determined in experiments with a fine metallic mesh ͑0.2 mm in diameter͒ placed just in front of the MCP assembly which was irradiated by ␣ particles. The wires of the mesh appeared as a geometric projection on the DLD, and the dimensions of the projection allowed us to determine the spatial resolution of the detector. From the analysis of the image we have obtained a space resolution of the DLD to be 0.37 mm, this is the width of the DLD image of an infinitely thin wire.
Assuming that the time resolution is determined by the constant fraction discriminators, which may be treated as independent sources of noise, and using the space resolution, we can estimate the time resolution of the DLD to be 0.25 ns. This number is typical for delay-line detectors. But the time resolution of the whole REMPI/TOF/DLD spectrometer is usually limited by the duration of the probe laser pulse which is of the order of 3-5 ns if a Nd:YAG pump laser is used.
The DLD provides the possibility to detect several products per laser shot, provided a minimal difference between arrival times of 17 ns is maintained.
F. Why DLD?
Note that the common PSD for an ion imaging experiment is a phosphor screen as optically collecting anode combined with read-out by video camera and/or charge-coupled device ͑CCD͒ camera. [3] [4] [5] 31 However, this ''classical'' method is optimized for the 2D imaging of single particles, obtaining the time-of-flight information is rather difficult because of rather low time resolution of the phosphor screen ͑40-100 ns͒.
The space resolution of the phosphor screen is slightly better than that of the DLD: the image of one ion on the phosphor screen has the size of Ϸ0.25 mm, 32 which is 1.5 times smaller than space resolution of our DLD. However, our DLD is larger than a typical phosphor screen, hence the resolution of our picture is not less than that obtained with the phosphor screen. Also, the construction of our PSD is simpler and less expensive than a CCD camera.
III. CHARACTERIZATION OF MOLECULAR BEAMS

A. How to measure the temperature of the molecular beam
The knowledge of the temperature of the molecular beam is often useful: for example, the temperature may have an effect on the speed distribution of the photodissociation products ͑see the next section͒. Our technique provides an excellent possibility to study molecular beam properties because it provides the quantum state specific 3D momentum vector. In this article we discuss three methods to measure the temperature of the molecular beam. Figure 4 shows examples of the space distribution of NO ϩ ions at different acceleration voltages that are equivalent to different times-of-flight. In these experiments, a diluted (10 Ϫ4 ) mixture of NO in B ͑BϭAr, He, or N 2 ͒ was expanded through the nozzle and NO was detected by (1 ϩ1) REMPI at 226.2 nm. The analysis of the space distributions of NO along the Y axis has shown that the distribution has a Gaussian profile: In dashed frame: Example of the temporal signal profile of a three ion event on the X a line ͑a͒ initially, ͑b͒ after the CFD, ͑c͒ after the DM, and ͑d͒ finally, as t 1 (X a ), t 2 (X a ), and t 3 (X a ) which are the X 1 time moments of the first, second, and third ion, respectively. 
where dW s /dt is the slope of the linear fit to the data in Fig.  5 . The experimental results on T Y are summarized in Table I . In the second method the internal temperature of the beam T calc may be obtained from the difference between experimental speed of the beam v exp and the maximum theoretical speed of the beam v max . The method to obtain the speeds v exp of NO/B ͑BϭHe, Ar, or N 2 ͒ molecular beams is quite straightforward: the speeds are the slopes of the linear fits to the data in Fig. 6 , v exp ϭdL/dt. The maximum theoretical speed of the molecular beam v max may be calculated as 33, 34 
where M B is the mass of the buffer gas molecule, k is the Boltzmann constant, T 0 ϭ295 K is the room temperature, and ␥ϭC P /C V . The ␥ parameter is equal to 5/3 and 7/5 for an atomic and a diatomic buffer gas, respectively. Equation 
The values for v exp , v max , and T calc are listed in Table I . The rotational temperature T rot of NO may be obtained from experimental rotational spectra, this is the third method for determination of the internal temperature of the molecular beam. Our technique provides some advantage over conventional REMPI spectroscopy. One problem of the spectroscopy in the cold molecular beam is the contribution of roomtemperature background molecules and impurities which make the spectra more difficult to analyze. In time-of-flight experiments with a perpendicular geometry of molecular beam and spectrometer axis it is easy to distinguish between contributions from the molecular beam and background contributions since the particles which belong to the molecular beam are situated on a very small area of the DLD which is shifted from the axis of the laser by the distance v exp t 0 . Examples of REMPI spectra of NO in the Ar and He molecular beams are shown in Fig. 7 . Least-squares fit of such experimental spectra to the theoretical spectra was used to determine the rotational temperature T rot of NO in Ar, He, and N 2 molecular beams. In this analysis the strengths for rotational transitions were taken from Ref. 35 .
Note that all three temperatures, T rot , T exp , and T Y , have different nature and in principle they may be different. The largest must be T rot , particularly for the molecules with large rotational constants; the smallest must be T Y . Nevertheless, in our case there exists a satisfactory consistency in all three temperatures as summarized in Table I .
B. Ionization of NO
The speed distribution along the Z ͑time͒ axis is not Gaussian, it depends strongly on polarization of the laser radiation. Time-of-flight profiles of NO detected by (1ϩ1) REMPI via ͓A 1 ⌺͔←͓A 2 ⌺ ϩ ,Nϭ1͔←͓X 2 ⌸ 1/2 ,Jϭ0.5͔ transitions at 226.229 nm at different polarizations of the laser radiation are shown in Fig. 8 . Also shown are time windows ͓t 0 Ϫ⌬t,t 0 ϩ⌬t͔, where ⌬t is determined by the electron recoil in the ionization of NO, it may be calculated from the geometry of the TOFMS and the speed of the NO ϩ ion due to the electron recoil. The speed may be calculated as
Here m e is the mass of electron, h is the photon energy (ϭ226 nm), and I NO ϭ9.2639 eV is the first ionization potential of NO.
One can see in Fig. 8 that the TOF profiles have no sharp corners and they spread outside this time range. Hence there are other broadening mechanisms, apart from the ionization process. One of them, surely, is the duration of laser pulse ͑ϳ5 ns͒. Another may be the interaction between NO ϩ and other ions. From the analysis of the time-of-flight spectra we can determine, for example, the ␤ parameter for the ionization of NO(A 2 ⌺ ϩ ) in different rotational states. Further work is in progress to measure and analyze the TOF profiles accurately.
IV. 3D VELOCITY DISTRIBUTION OF PHOTOFRAGMENTS
A. Model system: Photolysis of Cl 2
The quality of the developed technique was examined by studying the well-known decay of molecular chlorine, Cl 2 FIG. 7. Rotational REMPI spectrum of NO in a cold Ar molecular beam. Only ions from the molecular beam are taken into account. The N←J assignment of the strongest rotational transitions is indicated. In the left corner: Simplified determination of the rotational temperature T rot of NO. S JN is the peak area for a single N←J transition, and A J is the cumulated peak area for all transitions originating from a single J level after correcting for degeneracy. ϩh (355 nm)→2 Cl(3p 2 P 3/2 ). In the experiments the third harmonic of a Nd:YAG laser ͑355 nm͒ was used to photolyze Cl 2 , and a Nd:YAG laser-pumped dye laser was used for the (2ϩ1) REMPI detection of ground state Cl( 2 P 3/2 ) atoms at 235.336 nm. The yield of spin-orbitally excited Cl( 2 P 1/2 ) for the photolysis is known to be negligible. 36, 37 In our measurements the wavelength of the probe laser radiation was scanned over the Doppler broadened absorption line in order to realize an unbiased detection of all Cl atoms regardless of the v x component of their velocity.
An example of 3D speed distributions of Cl atoms obtained in this way is shown in Fig. 9 ͑left͒. The 3D image on this figure consists of two overlapping spherical distributions: the first one corresponds to fragments from background Cl 2 at room temperature, and the second one corresponds to fragments from cold Cl 2 in the molecular beam. Least-squares fit of the experimental data gives the centers of these distributions. Thus from Fig. 9 one may easily determine the speed of the molecular beam as v exp ϭ⌬L/t 0 , where ⌬L is the distance between the two spheres. The speed of the Cl 2 /H 2 molecular beam was determined by this method only ͑see Table I͒ . Now one can, for example, separate these distributions, as is schematically shown in Fig. 9 , and study the speed distribution from the dissociation of cold molecules and warm molecules separately. Note that mathematically the separation of two 3D spheres with thin ''walls'' is a much more correct procedure than separations of the 2D projections of these spheres since the two spheres overlap only along a narrow ring in the 3D space, while the 2D projections of these spheres overlap strongly.
B. Speed distribution of Cl atoms
For illustrative purposes let us discuss the experiments presented in Figs. 9 and 10 . The speed distributions of Cl atoms was fitted to the Gaussian distribution: Now we shall discuss the most important factors contributing to ⌬v, which are listed in Table II .
C. Contribution from rotation and translational energy of Cl 2
Among the most important factors which contribute to ⌬v are the rotational energy and the dispersion of translational energy of the Cl 2 molecules. This contribution to ⌬v may be calculated as
where E R ϭkT and E T are the rotational and the translational energies of the Cl 2 molecule in the molecular beam fixed coordinate system where the average speed of the molecules is zero. In the molecular beam the translational temperature characterizes only the movement along the Y axis, while the speeds along the X and the Z axes are negligible; hence E T Ј ϭkT/2 and E T Љ ϭ(3/2)kT. From Eq. ͑6͒ we obtain ⌬vЈ ϭ53 m/s and ⌬vЉϭ420 m/s. For ''warm'' molecules the agreement with experiment is good, for ''cold'' molecules the experimental width is more than three times larger than the calculated one. Thus apart from temperature there must be some other influence.
D. Contribution from the length of the laser spot
Let us estimate the length of the laser spot. The best condition for REMPI detection is usually achieved with a two-lens configuration. In this configuration the laser beam is slightly expanded by the first expanding lens and then it is focused by the second focusing lens. The length of the laser spot ͑''depth of focus''͒ may be estimated as
where f is the focal length of the focusing lens, d 0 is the diameter of the laser beam on the focusing lens, d is the minimum beam diameter, and C is a factor which is different in different models, but typically 1рCр2. For example, the diffraction-determined length of the laser spot may be taken as doubled Rayleigh range which means Cϭ1.
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There are two contributions of different nature to the diameter of the laser spot. We estimate the diameter as
where the diameters d diff and d a are determined by diffraction and by aberration, respectively. d a may be obtained from third order aberration theory as
where n is the refraction index, K is a shape factor of the lens KϭR 2 /(R 2 ϪR 1 ), and R 1 and R 2 are radii of curvature. For a properly oriented plano-convex focusing lens (Kϭ1) of index nϭ1.5, the bracketed factor is 0.073. The diffractiondetermined diameter d diff may be estimated by the diameter of the first minimum of the Airy diffraction pattern in the focal plane as
where is the wavelength of radiation. The distance between the lenses is assumed to be large so the laser beam which comes to the focusing lens is treated as parallel. Note that our experiments were done with the single-lens configuration shown in Fig. 1 . In this configuration a narrow laser beam is focused to the center of the ionization chamber with one focusing lens. Using the values from our experiments of f ϭ20 cm, d 0 ϭ2.6 mm, and ϭ235 nm, we find from Eqs. ͑7͒-͑10͒ that L LS ϭ3.2 mm. This estimate explains our rather large value of ⌬vЈ ͑see Table II͒. Here we have assumed that Cϭ1; even this value leads to a slightly overestimated value for L LS . Also, the widths of speed distributions along Y and Z axes were Ϸ2 times smaller than that along the X axis. This fact agrees with the conclusion that the main contribution to the width ⌬vЈ in Fig. 10 comes from the length of the laser spot. Let us estimate the minimal possible length of the laser spot. Our estimate is based on the assumption that the smallest length of the laser spot corresponds to the smallest laser beam diameter, which may be found from the condition d diff ϭd a . From this condition using Eqs. ͑7͒-͑10͒ and assuming Cϭ1, one can find dϭ15 m, d 0 ϭ16 mm, and finally L LS ϭ200 m. Note that it is rather difficult to obtain this minimal value since it is very sensitive to d 0 .
E. Discussion
Other less important contributions come from the space resolution of the PSD, from the duration of the laser pulse, and from the electron recoil in the ionization of Cl atom, for which data are listed in Table II . We may summarize the results of these considerations as follows: a precise measurement of the speed distribution of photofragments requires a cold molecular beam, a two-lens configuration, and a large diameter of the distribution image ͑that is, large time-offlight͒.
The cooling of the molecular beam is important to avoid the contribution of the rotation energy and dispersion of translational energy of the parent molecules. For example, under our experimental conditions the lowest temperatures may be achieved by using Ar as a buffer gas and by increasing the distance between the nozzle and the skimmer.
The two-lens configuration is important to decrease the length of the laser spot. The theoretic estimate shows that the length may be made very small ͑ϳ200 m͒, less than the space resolution of the DLD or phosphorous screen, but this minimization requires additional efforts. From Table II one can see that for the properly installed two-lens configuration the length of the laser spot is one of the less important factors. Note that for the ''velocity map imaging'' technique which has recently been proposed by Eppink and Parker 4 the size of laser spot is of no importance; but this technique has no time resolution. Also, in many cases the speed distribution of the photofragments is rather smooth, hence the advantage of the ''velocity map imaging'' technique over our 3D imaging in space resolution becomes unimportant.
The diameter of the distribution image must be large. The larger the diameter is, the larger is the time-of-flight and the smaller are contributions from the length of the laser spot, from the space resolution of the PSD, and from the duration of the laser pulse. Unfortunately, it is not always possible to increase the time-of-flight. For example, in a study of 35 Cl atoms it is often useful to get rid of the contribution from the 37 Cl isotope; the separation of the isotopes in time may be achieved only at rather short times-of-flight.
V. FUTURE APPLICATIONS TO REACTION DYNAMICS
The 3D photofragment imaging technique has proved to be a powerful tool to study the velocity ͑speed and angle͒ distributions of the products of photodissociation processes. The progress is directly comparable with real threedimensional ͑stereo͒ pictures relative to two-dimensional photographs.
Further applications of the 3D imaging technique will go in several directions. Generally, most promising are applications to systems without inherent cylindrical symmetry or to systems where the cylindrical symmetry is broken due to technical imperfections of the experiment. First, it is the study of photodissociation dynamics of simple molecules. For example, the velocity dependence of the ␤ anisotropy parameter contains valuable information about important features of dissociation dynamics like the competition of decay channels, simultaneous excitation of excited states, and regions of the potential energy surfaces where transitions to neighboring potential energy surfaces might or might not occur. Our technique allows one to directly obtain the complete information about the dependence of the ␤ parameter on the particle velocity v in a single measurement. Work is currently in progress to measure the ␤(v) dependence of Cl atoms produced in the photoinduced three-body decay of COCl 2 , SOCl 2 , CSCl 2 , and S 2 Cl 2 . 39 A second application of the 3D imaging technique may be the study of the photofragment angular momentum alignment as a function of recoil angle ͑v -J correlation͒ in photodissociation processes. Here, observing nonequilibrium M J substate distributions of photoproducts generated by linearly or circularly polarized light allows one to study subtle details of the dynamics of the dissociation process. A third application of our technique may be the investigation of the dynamics of chemical reactions. Detailed information on the reaction dynamics can be obtained by aligning the reactants in crossed molecular beams or by photodissociation of suitable precursors by polarized light. 
